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ABSTRACT

The local structure of KH2PO4 crystals (so-called KDP) at laser-induced damage sites created by irradiation
with ∼ 3-ns, 355-nm laser pulses is studied by a combination of Raman scattering and photoluminescence
spectroscopies. We compare spectra from pristine material, surface and bulk laser-induced damage sites, as
well as from KPO3 references. Results show that irradiation with fluences above the laser-induced breakdown
threshold leads to stoichiometric changes at surface damage sites but not at bulk damage sites. New spectroscopic
features are attributed to dehydration products. For the laser irradiation conditions used in this study, the
decomposed near-surface layer absorbs photons at ∼ 3.4 eV (364 nm). These results may help explain the
recently reported observation that surface laser damage sites in KDP crystals tend to grow with subsequent
exposure to high-power laser pulses, while bulk damage sites do not.

Keywords: Laser-induced damage, KDP and DKDP crystals, Raman spectroscopy, photoluminescence, con-
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1. INTRODUCTION

Potassium dihydrogen phosphate, KDP (KH2PO4), is a transparent dielectric material widely used for frequency
conversion and optoelectronic switching in laser systems.1 In addition, KDP can be conveniently grown as a
single crystal with large linear dimensions (50 − 100 cm), as required for large-aperture high-power lasers.1–3

However, the output of such laser sources can be limited by the optical performance of various components under
high-power laser irradiation, which suffer from laser-induced damage (LID) both at the surface and in the bulk.3

It is currently believed by many researchers that absorption by intrinsic and/or extrinsic defects present
in the bulk or at the surface of the material is responsible for damage initiation.4–6 Material defects may be
found in every optical component resulting from limitations in the manufacturing process or the environmental
or excitation conditions during its operation.6–9 A damage site on the surface of an optical material generated
with nanosecond laser sources usually appears as a crater with rough surfaces that strongly scatter the incoming
laser beam. It has been shown that the laser damage process leads to the formation of a layer of modified
material inside the damage crater.10–12 The damage site can nominally include three different sectors: a layer
with a modified chemical composition, a layer of mechanically damaged material (crushed, compressed) and a
surrounding region of extended cracks. Although numerous previous studies have focused on the mechanisms of
LID initiation in as-grown KDP crystals, the properties of the material modified during laser-induced breakdown
have received little attention. It is, however, crucial to understand the properties of laser-modified KDP since it
may be involved in the damage “reignition” and process growth of LID sites with subsequent exposure to laser
pulses.

In this work, we investigate laser-induced structural and stoichiometric changes in KDP crystals by a combi-
nation of Raman scattering and photoluminescence (PL) spectroscopies. These spectroscopic tools are sensitive
to the local structure and bonding in the solid.13 Our results reveal that irradiation leads to changes in ma-
terial stoichiometry at surface LID sites but not at bulk damage sites. We attribute the new Raman features
observed to dehydration products being present at surface damage sites due to laser-induced decomposition of a
near-surface layer of KDP into water and a mixture of solid poly- and cyclo-phosphates. This can explain recent
observations that surface LID sites in KDP tend to grow with subsequent laser pulses,14 whereas bulk LID sites
do not,15 and provide the knowledge to devise the appropriate mitigation procedures.
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2. EXPERIMENT

The z-cut [i.e., (001)-oriented] tetragonal KH2PO4 single crystals used in this study were grown by a rapid
growth method at Lawrence Livermore National Laboratory, as described in detail elsewhere.3 As-received KDP
samples were polished with H2O. The reference KPO3 salt was prepared by annealing KDP crystals at 350 ◦C
for 3 hours in air. The dehydrated salt prepared in this way was composed of a mixture of cyclophosphates and
long-chain polyphosphates.16

Laser-induced damage sites were created on the front surface and in the bulk of KDP crystals by irradiation
(at room temperature and ambient conditions) with ∼ 3-ns, 355-nm pulses from a Q-switched Nd:YAG laser.
The laser beam profile at the sample plane was near-Gaussian with a FWHM of ∼ 20 µm and a peak fluence
of ∼ 20 J/cm2. In order to minimize nonuniformities in the damaged volume, both surface and bulk damage
regions, ≥ 1 × 1 mm2 in size, were created by slowly scanning the sample through the focused damaging beam
so that each LID site has been exposed to multiple (∼ 20) pulses.

These LID sites were studied at room temperature by a combination of Raman and PL spectroscopies.
Emission lines of a cw Ar laser, at 363.8 and 514.5 nm, were used as excitation sources for PL and Raman
measurements, respectively. Both Ar laser lines were passed through narrow band pass filters before reaching
the sample in order to eliminate the appearance of plasma lines. The Raman experiment was performed in a
back-scattering geometry using a ×100 microscope objective for both focusing the laser beam and collecting
the Raman signal, which was then spectrally analyzed using a triple-grating spectrograph and recorded with a
liquid-nitrogen-cooled CCD. The numerical aperture of the objective was 0.7 and provided ∼ 1 µm and ∼ 5 µm
lateral and depth resolution, respectively. Raman spectra of KDP were normalized to the peak intensity of the
H2PO4 mode at 911 cm−1. The PL signal was collected into a single-grating spectrograph using a 2:1 imaging
system positioned perpendicularly to the direction of the 363.8 nm laser beam. All PL spectra were corrected
for the system response.

3. RESULTS AND DISCUSSION

Figure 1 compares Raman spectra obtained from pristine bulk (labelled PB) KDP, bulk and surface LID sites
(labelled BD and SD, respectively) in KDP, as well as from a KPO3 reference. The Raman-active modes of
KDP belong to the A1 (360 and 911 cm−1), B1 (476 cm−1), B2 (not observed) and E (190 and 565 cm−1)
representations of the factor group D

2d.17 The most prominent bands between 300 and 1200 cm−1 in the PB
spectrum (which is essentially identical to Raman spectra from the surface of pristine KDP) are due to internal
vibrations of H2PO4 units while the bands below 200 cm−1 are lattice modes. In addition, we observe two modes
at 394 cm−1 (B1) and 530 cm−1 (E ), overshadowed by the adjacent stronger bands. It is seen from Fig. 1 that
the Raman spectrum from a bulk damage site does not exhibit any new peaks as compared to the spectrum from
pristine KDP. The relative peak intensities of the bands at 394 cm−1 and 530 cm−1 are, however, significantly
different in PB and BD spectra, indicating some structural changes and/or the presence of residual lattice stress
produced during laser-induced breakdown.

Figure 1 also shows that Raman spectra from surface LID sites exhibit four new bands centered on 296, 688,
1046, and 1147 cm−1. In addition, changes in the relative intensities of the KDP-related peaks are observed
similar to those in bulk damage sites. These new Raman features are evidence of laser-induced changes in
material stoichiometry. The origin of the new peaks can be understood when we compare the SD spectrum with
that from a KPO3 reference. The latter spectrum consist of a series of well-defined, narrow vibrational modes,
suggesting a crystalline phase. Indeed, three out of four new bands observed in SD spectra (at 296, 688, and
1147 cm−1) correlate to peaks present in the KPO3 spectrum. The band centered at 1147 cm−1 exhibits a single
dominant peak. Furthermore, the same Raman features have been observed prior to our work in the context
of high-temperature behavior of KDP.18 The interpretations have been diverse over the years but recent studies
have confirmed that high-temperature phenomena in KDP are not related to the structural phase transition but
rather to the thermal decomposition (condensation and polymerization of PO4 groups).18, 19 The other peak at
1046 cm−1, observed in SD but not in the KPO3 spectrum, has previously been reported in Raman studies of
the K2O-P2O5 glass system and assigned to polyphosphates with longer PO4 chains.20 The formation of these
latter products requires processing temperatures in excess of 350 ◦C, the annealing temperature used in this
study to prepare KPO3 reference samples.



 

Figure 1. Typical Stokes Raman spectra from KDP at various locations: pristine bulk (PB) (i.e., undamaged), bulk and
surface damage sites (BD and SD, respectively). A spectrum from KPO3 is also shown for comparison. All spectra are
unpolarized and offset for clarity.

The Raman signal slightly varied at different sites within the surface damage region. This effect is demon-
strated in the two representative spectra shown in more detail in Fig.2. It is seen from this graph that the bands
around 296 and 688 cm−1 exhibit additional splitting into individual peaks located at 296, 308, 326 cm−1 and
636, 668, 688, 714 cm−1, respectively (as indicated by asterisks). These results clearly demonstrate that changes
to KDP during laser-induced breakdown are more complex than relatively simple material decomposition into
water and KPO3 salt.

 

Figure 2. KDP Raman spectra from two representative surface damage sites (SD), expanded in the 250 − 750 cm−1

region. A spectrum from pristine bulk (PB) is also shown for comparison.

Figure 3 shows normalized PL spectra under 363.8 nm excitation revealing a broad PL band centered on
∼ 570 − 590 nm in both KPO3 and surface LID sites in KDP. Such broad emission originates from radiative
recombination through deep defect levels in KDP and KPO3 rather than from band-to-band radiative recombi-
nation. It should be noted that i) a series of relatively sharp peaks observed in PL spectra from surface damage
sites at wavelengths below 415 nm are Raman scattering peaks and ii) PL signal from bulk LID sites (as well
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Figure 3. Normalized PL spectra [light intensity (in arbitrary units) versus wavelength (in nm)] from surface damage
sites (SD) and KPO3. Spectra are offset for clarity.

as from pristine KDP) was much weaker, at least ×100. Hence, these PL results not only support the presence
of decomposition products at surface LID sites (as revealed by Raman spectroscopy) but also provide evidence
that such decomposition products absorb UV light (i.e., the 363.8 nm light used for PL excitation).

The presence of dehydration products — condensed phosphates with a reduced relative composition of oxy-
gen and hydrogen — at surface LID sites, as revealed in this study, can be attributed to thermally-induced
decomposition of KDP during laser-induced breakdown. It should be noted that our results from Raman and PL
spectroscopies are in good agreement with X-ray absorption studies in KDP crystals, where KPO3 peaks were
also identified in the total-electron-yield and total-fluorescence-yield XANES (soft x-ray absorption near-edge
structure) spectra from surface damage sites (to be published). Indeed, it is known that thermal processing
of KDP at temperatures above ∼ 175 ◦C results in material decomposition into water and KPO3 salt, and
the decomposition rate increases with increasing sample temperature.16, 19 A recent experimental study21 has
suggested temperatures of ∼ 7000 K at 10 ns after the laser pulse and pressures of ∼ 250 kbar in a deuterated
KDP crystal exposed to an ∼ 3-ns, 355-nm laser pulse. At such temperatures (well above the melting point of
KDP at ∼ 260 ◦C),22 thermally-induced decomposition is not unexpected, particularly at the sample surface.
Although the intermediate steps involved in such an ultrafast reaction cannot be inferred from a post-damage
event analysis, it is safe to assume that the fast cooling after damage can lead to residual stress in the modified
material. This effect may be responsible for the observed splitting of the KPO3 lines in the Raman spectra
from surface LID sites. Moreover, as discussed above, the changes in the relative intensities of the KDP Raman
features from both surface and bulk damage sites can also be the result of rapid recrystallization and residual
lattice stress.

In contrast, decomposition at bulk LID sites appears to be hindered due to the encapsulation by the surround-
ing material. The fact that we have not observed any signature of stoichiometric changes in the Raman spectra
from bulk LID sites in KDP can also be related to an increased scattering of excitation light at micro-cracks
surrounding the laser damage core. In order to clarify this point, experiments that offer higher spatial resolution
are required.

Preliminary results23 have been obtained in micro-Raman measurements from ”exposed” bulk damage sites in
DKDP crystals. In order to gain access to bulk LID sites, samples were prepared by ”cleaving” a DKDP sample
containing bulk damage, previously created by exposure to ∼ 3-ns, 355-nm laser pulses. Figure 4 illustrates
Raman spectra from two particular sites, pristine bulk and exposed BD sites in DKDP. More details on sample
preparation can be found in Ref. 23. The Raman spectrum of DKDP shows the typical double-peak signature, at
887 and 963 cm−1, derived from the KDP Raman mode at 911 cm−1 upon deuteration. New peaks are present
in spectra from exposed bulk damage sites and the most prominent are indicated in Fig. 4, at 715 and 1047
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Figure 4. Raman spectra from DKDP at two different locations: pristine bulk and exposed BD sites.

cm−1, similar to those observed in Raman spectra from SD sites in KDP. However, the KDP mode at 911 cm−1

is also present in spectra from DKDP bulk damage sites, indicating D-H exchange at the surface of the exposed
sites. It can be argued that the modified material at bulk damage sites was created by secondary reactions
upon cleaving of the sample and/or after the exposure in the air and not during the LID process. At this point,
the interpretation of the spectra is somewhat cumbersome, partly because of the mixed KDP/DKDP Raman
features, and more experiments are needed to correctly address this issue.

4. SUMMARY

We have shown that irradiation of KDP with ∼ 3-ns, 355-nm laser pulses with fluences above the laser-induced
breakdown threshold leads to stoichiometric changes (attributed to laser-induced material decomposition) at
surface damage sites but not at bulk damage sites. The decomposed near-surface layer absorbs 364-nm UV
light. Hence, this work provides more insight into the physics of the LID process in KDP crystals in that it
differentiates between the behavior of surface and bulk damage sites. These results may help explain the recently
reported observation that only surface laser damage sites in KDP crystals tend to grow with subsequent exposure
to high-power laser pulses. We conclude that a proper procedure for mitigation of surface damage growth in
KDP crystals should involve the removal of the laser-modified material by, for example, etching.
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